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Abstract:

To develop the urgent requirement for high-rate electrodes in next-generation lithium-ion batteries, SnO,-based negative materials
have been spotlighted as potential alternatives. However, the intrinsic problems, such as conspicuous volume variation and
unremarkable conductivity, make the rate capability behave badly at a high-current density. Here, to solve these issues, this work
demonstrate a new and facile strategy for synergistically enhancing their cyclic stability by combining the advantages of Ni doping and
the fabrication of hollow nanosphere. Specifically, the incorporation of Ni?* ions into the tetragonal rutile-type SnO, shells improves
the charge transfer kinetics effectively, leading to an excellent cycling stability. In addition, the growth of surface grains on the hollow
nanospheres are restrained after Ni doping, which also reduces the unexpected polarization of negative electrodes. As a result, the
as-prepared Ni doped electrode delivers a remarkable reversible capacity of 712 mAh g at 0.1 A g™ and exhibits outstanding capacity
of 340 mAh gt at 1.6 A g, about 2.58 times higher than that of the pure SnO, hollow sample.
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In order to overcome the poor durability and enhance

1 Introduction

Lithium-ion batteries (LIBs) have attracted
considerable attention as wide applications in smart
grids devices, portable devices and hybrid electric
vehicles ™3 However, the commercial graphite
negative electrodes used at present exhibit a poor
theoretical specific capacity (372 mA h g*) and limited
rate capability [“®l. Therefore, it is important to explore
other negative electrodes with high mass energy density.
As promising negative electrode candidate for
contemporary LIBs, tin dioxide (SnO,) has attracted
huge amount of interest because of its remarkable
theoretical capacity (1492 mAh g '), nontoxicity,
abundant tin resource, and favorable processability.
Unfortunately, the SnO, based LIBs are restricted by
huge volume expansion (approximately 240%) during
lithiation/delithiation process, leading to agglomeration,
structure  collapse and finally electrochemical
inactivation for the active material "%, In addition, the
low electrical conductivity also limits the extensive

commercial application of the tin-based L1Bs 31,

the long-term cycling stability, SnO,-based materials with
special nanostructures are designed and synthesized, such
as core-shell particles!*™  nanotubes®®!,  and
nanosheets %1 Among them, porous hollow
nanospheres have attracted much attention since they can
provide much more cushion space during the
lithiation/delithiation process and deliver better cycling
stability than other nanostructured materials *%"],

The electrochemical performance of SnO, hollow
nanospheres could be further enhanced by elevating their
electrical conductivity. One of the most commonly
reported strategies is to combine the nano-scaled SnO,
with conductive carbonaceous materials 223!, Another
effective approach is to enhance the intrinsic conductivity
through introducing transition metal dopant into the SnO,
structure, the substitution of Sn by cations, such as Sb**,
Co**, Fe**and Mo®*can also stabilize the structure of SnO,
and restrain the tremendous initial capacity loss %!, Ma
et al. prepared Co-doped nanoparticles, which exhibited a
favorable specific capacity of 493 mAh g™ under 100 mA
g™ after 50 cycles, almost the 2 times than the undoped
one B4, Zhao et al. synthesized Pd-doped graphene SnO,
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nanocomposite through electroless plating method, the
as-prepared SnO, nanoparticles delivered high reversible
capacity and promising rate capability #°.

Hence, the doping cations properties play an
important role in determining the comprehensive
performance of the SnO,, especially for processes of
nanostructure, grain growth and internal Li-ion transport
in the tetragonal rutile structure. Understanding these
effects is important. To the best of our knowledge, Ni®*
and Sn** have the same radius (0.069 nm), Ni** ions are
easily introduced into the SnO, lattice. Herein, by
combining the strengths of hollow nanostructure and
doping element, we report a comparative investigation of
pure SnO, hollow nanospheres and a series of Ni-doped
SnO, (NTO) with different dopant contents, focusing on
the influence of the dopant concentration on the
nanostructure, surface chemical properties as well as
electrochemical performance. The results reveal that the
Ni*" dopant ratio not only affects the surface chemical
properties, but moreover also plays an important role on
the electrochemical performance.

2 Experimental
2.1 Material Synthesis

The Ni-doped SnO, (NTO) hollow spheres were
prepared by following a combined template process and
sol-gel process: (1) SiO, nanospheres were synthesized
by the well-known Stéber method, which was reported in
our previous work B°. (2) 3 g SnCl,- 2H,0 was added
into a flat bottom boiling flask and then heated to 80°C,
after that, the obtained molten SnCl, and 2 g SiO,
nanospheres (prepared in the previous step) were
dispersed in 200 mL deionized water by ultrasound for 50
min, and the resulting gel was continuously stirred for 36
h at 80°C. (3) Subsequently, several groups with different
proportions of NiSO, were added into the mixture, the Sn:
Ni molar ratio used is 40:0, 40:1, 40:2, and 40:3,
respectively. (4) Then, the resulting gel was continuously
stirred for 36 h at 80°C to enable the infiltration of tin
precursor into the pores of the SiO, nanospheres. (5)
Ultimately, the four collected products were calcinated at
500°C for 6 h under an nitrogen flow, and then etched by
an HF solution (10%, 100 mL), the four group of
Ni-doped SnO, (NTO) samples with different dopant
contents were obtained (denoted as NTO-0, NTO-1,
NTO-2, and NTO-3). The flowchart for the preparation of
NTO hollow nanospheres is shown in Figure 1.

NTO coating Calcination at 500°C

and template removal

)220 94 22333

SiO, spheres ® Snparticles @ Ni atoms NTO hollow spheres

Figure 1 Flowchart for the preparation of nickel doped
SnO, hollow nanospheres (NTO)

2.2 Material Characterization and electrochemical
measurements

The crystalline structure of the as-prepared NTO-x
(x=0, 1, 2, and 3) hollow nanospheres were accomplished
by X-ray diffraction (XRD, Rint-2000, Japan) using
Cu-Ko radiation (1.5412 A). The surface morphologies
and the samples were observed through a field emission
scanning electron microscopy (FESEM, Zeiss Supra
55VP), and the elemental distribution was recorded with
an energy-dispersive X-ray spectroscopy (EDS, PHI5000
Versa probe-11). The determination of surface elements of
the as-prepared powers was carried out by an X-ray
photoelectron spectroscopy (XPS, PHI5000
Versaprobe-11). The crystalline microstructures of the
obtained powers were further confirmed by the
transmission electron microscopy (TEM, FEI Tecnai F20).
The electrochemical properties of the as-prepared four
samples were further evaluated using CR2025-type coin
cells with a multi-channel current static system (LAND
CT2001D, China). In addition, the cyclic voltammetry
(CV) and the electrochemical impedance spectroscopy
(EIS) results of the electrodes were recorded on an
electrochemical workstation (PGSTAT302N, Switzerland).
The button battery assembly process and the detailed
electrochemical analysis procedures were performed
according to our previous report 7%,

3 Results and Discussion

Figure 2a plots the XRD patterns of the four
different nickel doped as-prepared NTO samples.
Noticeably, All of the NTO samples are well crystallized.
The diffraction peaks of four samples can be identified as
tetragonal rutile SnO, (JCPDS card No. 41-1445) 40
and no obvious other impurities are detected, revealing
that the Ni®* are favorably integrated with the surface of
the SnO, shells, and may diffuse only a few nanometers
into the tetragonal rutile structure during high temperature
post calcination. The magnified diffraction peaks of (110)
are exhibited in Figure 2b, it can be clearly observed that
the position shifts to a positive degree and the diffraction
peaks of (110) deliver a wider half-peak width after
Ni-doping. According to Scherer” s formula, the thickness
of single grain (d) is inversely proportional to half of peak
width (B), which reveals that the average lattice
parameter is decreased after Ni-doping. The initial
particle size of NTO-1.NTO-2.NTO-3 are 9.3 nm 8.6 nm,
7.5 nm, and 7.1 nm respectively. This is because even
though Ni** and Sn** have the same radius (0.069 nm),
the incorporation of Ni%" into the lattice of SnO, will
produce some new defects such as dislocations and
vacancies, and the vacancy formation energy and the
surface energy of SnO, nano-particles are also increased,
which can effectively restrain the growth of the crystal to
some extent. This phenomenon is further confirmed by
the TEM images and in very good agreement with the
previous studies on Fe/Zn/Co-doped tin oxidel**4,
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Figure 2 XRD patterns of NTO powder samples (a) and
the enlarged (110) peaks (b)

The chemical compositions of the as-prepared
hollow nanospheres were further explored by XPS
analysis. The full-scan spectra of NTO-0 and NTO-2
samples are exhibited in Figure 2a. Compared with the
NTO-0, besides the Sn 3d, O 1s, and C 1s peaks, a couple
of weak peaks of Sn 2p can be observed in the spectra of
NTO-2 sample. Figure 3b plots the Sn3d spectra of
sample NTO-0 and sample NTO-2. The two remarkable
shake-up peaks located at 485.6 and 494.4 eV can be
assigned to Sn 3ds;, and Sn 3ds, levels, respectively! s,
A positive shift with approximately 0.4 eV in the sample
of NTO-2 indicates the multi-electrons may have
transferred from Sn to the doped Ni. Furthermore, the Ni
2p spectra of NTO-2 is illustrated in Figure 3c. Two
characteristic peaks at approximately 854.8 eV and 873.2
eV are attribute to Ni 2psz, and Ni 2py; levels, and two
shake-up satellites are located at 861.8 eV and 880.1 eV,
respectively, which are attribute to the multi-electron
transitions. The binding energy between these
characteristic peaks is approximately 18.4 eV. The results
show that the nickel element doped into the crystal lattice
of SnO, exists in the form of Ni%* ions 17481,
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Figure 3 XPS spectra of NTO-0 and NTO-2 sample: (a)
Survey spectrum, (b) Sn 3d5/2, (c) Ni 2p

The morphology and particle size of as-synthesized
SiO, nanoparticles was investigated by scanning electron
microscopy (SEM). As shown in Figure 4a. The obtained
SiO, exhibits a regular spherical structure with an average
diameter of 500-580 nm. Figure 4b displays the SEM
images of NTO samples with different Ni doping content,
and the magnified image of NTO-2 sample is displayed in
Figure 4c, clearly revealing that the presence of a hollow
structure for the as-prepared materials. The diameter of
SnO, spheres with different doping content possess
similar values of approximately 550 nm, which in
consistent with the size of nano SiO, templates. The
elemental distribution of the as-prepared NTO-2 sample
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was further detected by EDS test (Figure 4d). The uniform
distributions of Sn, O, and Ni elements over the whole
hollow spheres indicates that the Ni is homogeneously and
continuously coupled with the SnO, shells.

460480 520540 580-600 [
¥ Diameter (nm)

Figure 4 SEM images of (a) SiO, nanoparticles; (b) SEM

image of NTO samples with different Ni doping content;

(c) magnified image of NTO-2;(d) EDS mapping images
of NTO-2

TEM images of as-prepared products are displayed
in Figure 5. The spherical morphology of SiO, exhibits
regular and clear surface profiles, as shown in Figure 5a.
The TEM images in Figure 5 (b-f) were captured to
further confirm that the as-synthesized SnO, samples
exhibit hollow nanosphere structures. It can be clearly
seen that spherical morphology of SnO,@SiO, can be
well maintained after etching of the SiO, exhibits a shell
thickness of approximately 42 nm (Figure 5b). However,
after Ni doping, the shell thickness of the NTO-2 sample
is decreased to approximately 28 nm through the same
process (Figure 5c). Furthermore, Figure 5d-e clearly
exhibit the high-resolution TEM (HRTEM) images of the
lattice fringes and particle size of the two samples. The
grain diameters of NTO-0 and NTO-2 are approximately
5-7 nm and 8-9 nm, respectively, which coincides well
with the previous XRD calculation results. This is
because the crystallization and ripening process of the
SnO, primary particle particles may be effectively
restrained by the sequential accumulation of Ni**, which
is similar to the process of the crystal surface energy
model. The selected-area electron diffraction (SAED) pattern
of NTO-2 with the diffraction rings from inside to outside
can be indexed to (110), (101), (200), (211), and (311) of
tetragonal rutile SnO,, as illustrated in Figure 5f . This
result reveals that expect for the suppression of the
particles growth, the Ni doping does not cause any
changes in the tetragonal rutile structure of SnO,.



Figure 5 TEM images (a) SiO, nanoparticles, (b)
NTO-0, and (c) NTO-2, respectively; high-resolution
TEM image of (d) NTO-0, and () NTO-0;(d) the
selected-area electron diffraction (SAED) pattern of
NTO-2 sample
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Figure 6 The charge-discharge test curves of the NTO
negative electrodes: (a) NTO-0; (b) NTO-1; (c) NTO-2;(d)
NTO-3; (e) the relationship between capacity retention
for the conversion reaction and the total specific charge
capacities of all the samples

Figure 6a-d display the charge-discharge curves of
the prepared four NTO samples at a current density of
100 mA g* between 0.01 V and 3.0 V. The initial
discharge and charge-specific capacities of the NTO-0,
NTO-1, NTO-2, and NTO-3 samples are1203 mAh g™*.
1470 mAh g*. 1581 mAh g, and 1463 mAh g™, and the
initial coulombic efficiency of these sample are 61.6%,
62.0%, 62.5%, and 58.8%, respectively. All the samples
suffer serious capacity losses in the early cycles, which is
attribute mainly to the SEI film formation and the
production of Li,0 ¥ NTO-2 exhibits the best
charge-specific capacity of 850 mAh g™ after 10th cycles
even with a rather moderate initial coulombic efficiency,

4

which is almost twice of the undoped NTO-0 sample (466
mAh g%). Figure 6e shows the relationship between
capacity retention for conversion reaction and the total
specific charge capacities of the four samples. It can be
clearly seen that the capacity ratio of the conversion
reaction of Ni doped samples are significantly higher than
that of the undoped one. After the 10th cycles, the
capacity ratio of conversion reaction for the NTO-0
sample is only 35.5%, while the capacity ratio of the
NTO-2 is increased up to 66.1%. Thus, we conclude that
the Ni doping could facilitate the conversion reaction
between Sn and Li,O, which results in the remarkable
conversion reaction capacity °%.

SnO, +4Li" +4e - Sn+2Li,0 (Conversion reaction)

Sn+yLi* +ye” «>LiSn(0<y<44) (Alloying reaction)

To evaluate the cycling performance of NTO hollow
sphere with different Ni doping content, a range of cyclic
tests were carried out at the current density of 100 mA g™
in the voltage range of 0.01-3.0V, as presented in Figure
7a. After 100 cycles, the capacity of the NTO-0 decays
rapidly to 236 mAh g with a deteriorating capacity
retention of 32.0%, whereas the NTO can still maintain
promising capacity retention of 73.1% (712 mAh g?)
with a nearly perfect coulombic efficiency (approximately
100%), except during the first cycle. In addition, the
NTO-1 and NTO-3 also can deliver the moderate charge
capacity of 485 and 653 mAh g™. Based on these results,
we conclude that the electrochemical performance of the
SnO, nano hollow spheres are improved by the Ni
doping.

Furthermore, the rate capabilities of these four
samples were also investigated by applying different
specific currents, i.e., 0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 Ag™,
as shown in Figure 7b. As increasing the current density,
compared with the sample NTO-0, all of the samples
deliver significantly improved charge capacities after
doping under each current density (0.05-1.6 A g™).
Notably, sample NTO-2 exhibits the best rate
performance, its charge capacity can remain up to 340
mAh g'even at 1.6 A g* current density, and exhibit a
promising charge capacity of 651 mAh g ' when the
current density is recovered to 0.1 Ag”, whereas the
pristine sample NTO-0 deliver the limited rate
performance. The results of the cyclic and rate
performances are consistent with our previous
corresponding charge and discharge profiles.
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Figure 7 (a) Cycling performance of NTO samples at a
current density of 100 mA g%; (b) rate performance of
NTO samples.
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For better understanding the kinetic process of
lithium insertion/extraction into/from the 3D Ni doped
SnO, hollow spheres, cyclic voltammetry (CV) tests
between 0.01-3.0 V at different scanning rates (0.1-0.8
mV s?) were performed for the samples NTO-0 and
NTO-2. Two characteristic pairs of redox peaks can be
clearly observed in Figure 8a. The first pair located at
0.10 and 0.82 V (a site) are ascribed to the of Li,Sn (0 <
x << 4.4) alloying and de-alloying process. The second
dominant anodic peak located at 1.58 V (c site) is related
to the partial conversion of Sn to Sn**, while the cathodic
peak observed at 1.13 V is attributed to the irreversible
formation of a SEI film and the reduction reaction of
SnO, by Li. NTO-0 exhibits a large peak shift and
obvious polarization at different scanning rates.

For the sample of NTO-2, the shape of the CV

profiles (Figure 8b) is similar to that of the NTO-0 sample.

It is worthy to note that the initial anodic peaks shift to
0.8 and 1.54 V, respectively. The redox potential
difference related to the Li,Sn alloying/de-alloying
process is lower than that of the undoped one. Moreover,
the peak displacement of sample NTO-2 is decreased, and
the cyclic voltammetry profiles remain unchanged as the
increase of the scanning rate, revealing the reduced
polarization and improved reversibility.

The Li* diffusion coefficient change of electrodes
can be obtained from Randles-Sevcik equation (1):

I, = 2.69 x 10°n3/24D/?v1/2C, (1)
in which D, I, n, A, v, and C, represents the diffusion
coefficient of Li", the oxidation peak current (a and c site in
Figure 9a-b), the amount of electrons transferred per SnO,
molecule in the electrochemical reaction, the area of the
electrode, scanning rate, and the concentration of Li*. Since
the area, charge transfer number, and the Li* concentration of
the two samples are approximately identical, the ratio of the
Li* diffusion coefficient between the two sample is
proportional to the value of (1,/?)% as shown in Figure 8c.
Consequently, the Dyro.o/Dnto. at @ and c site are 1.31 and
1.33, respectively, indicating that Ni**doping can effectively
enhance the Li" diffusion.
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Figure 8 Cyclic voltammograms curves of NTO-0 (a),
NTO-2 (b) at different scanning rates; (c) anodic peak
against root of scan rate for NTO-0 and NTO-2
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To further explore the beneficial effect of Ni doping
on the electrochemical properties, electrochemical
impedance spectroscopy (EIS) measurements were
conducted to analyze the reaction dynamics. The Nyquist
plots of four NTO samples after 5 cycles are shown in
Figure 9. The semicircles in the high and high-middle
frequency regions represent the solid electrolyte interface
(SEI) resistance (Rf) and the charge transfer resistance
(Rey), whereas the inclined line in the low-frequency
region corresponds to the Warburg impedance (Z,,) ®*%2.
The diameter of the semicircle corresponding to the three
doped sample are obviously smaller than that of the
pristine one. Notably, the calculated he SEI resistance (Ry)
of NTO-2 is 5.1Q, which is lower than that of the NTO-0
(7.2 Q), revealing that Ni doping can alleviate the
thickness increase of the solid electrolyte interface
membrane. The charge-transfer resistance (R.) of NTO-2
is simulated as 51.2 Q, which is obviously lower than that
of the NTO-0 (129.5Q), indicating the charge transfer
efficiency of SnO, hollow spheres is significantly
improved. The favorable reversible specific capacity,
enhanced cycling stability and remarkable rate capability
of the NTO-2 sample could be attributed to the following
two factors:(1) A certain amount of Ni%*incorporates with
SnO, can not change the integrity of the original
tetragonal rutile structure but change the kinetics of SnO,
negative materials, the charge transfer impedance is
significantly decreased, resulting in the accelerated
charge transfer Kkinetics. (2) The crystallization and
ripening process of the primary particles is restrained by
the Ni doping, and the shell thickness is also reduced,
which effectively facilitate the Li* diffusion and internal
electron transport in the active materials.

R R R Z A  NTO-0 — Fitted curve]
2004 s f o= v NTO-1 Fitted curve}
® NTO-2 — Fitted curve]
¢ NTO-3 Fitted curve]
1504 CPE, CPE,
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Figure 9 The Nyquist plots of the NTO samples

4 Conclusion

In summary, the SnO, hollow nanospheres with three
different nickel dopant ratios were successfully
synthesized through combined the template with the
hydrothermal strategies and applied in LIBs as a negative
material. XPS profiling with EDS mapping results reveal
that the nickel dopant is uniformly distributed and well

5



incorporated into SnO, shells among the hollow materials.

The dopant concentration does not only have an influence
on the on the surface chemistry property, but moreover on
the electrochemical performance. Electrochemical
measurement results indicate that the electrodes doped
with 5% (wt%) can deliver an outstanding rate
performance and excellent cycling performance (exhibit a
favourable reversible capacity of 712 mAh g* at 100 mA
g™ after 100 cycles and deliver 340 mAh g™ at 1.6 A g?).
Without carbon coating, this hollow structural fabrication
combined with rational dopant ratios will illuminate the
path for developing other negative materials for solving the
problems of low rate capability and poor cyclic stability.
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